a Calcium carbonate formation has been studied extensively due to its central role in biomineralization and geochemistry. Specifically, the effect of additives incorporated during the formation process has been described in several works related to inorganic, small organic, molecular or macromolecular additives. However, in these previous experiments the presence of counter ions and their possible role has been mostly disregarded. Co-incorporation of counter ions into calcite at low supersaturations has been studied in detail but their incorporation in and effect on the formation and stability of the amorphous phase, which precedes the formation of the crystalline phase at high supersaturations, has not been studied. To address this, we have investigated the incorporation of alkali metal ions into the amorphous phase using various carbonate salts as a carbonate source. We show that the incorporation is the highest for Rb + with the highest measured value being 5.8 at% Rb + /(Rb + + Ca 2+ ). The extent of ion incorporation follows the ion size of Rb + 4 K + 4 Na + 4 Li + which is opposite to that observed in calcite formed at low supersaturation. The presence of these ions in the amorphous phase increases the crystallization temperature, which can be shifted by as much as 200 1C depending on the concentration of alkali metal ions incorporated. However, the lifetime of ACC in solution was similar for all the different carbonate sources.
Introduction
The effect of additives on calcium carbonate formation has been studied extensively, mostly because inorganic ions, small organic molecules and macromolecules are believed to be key to the high degree of morphological and compositional control exhibited by various calcium carbonate forming organisms. 2, 3 Calcium carbonate synthesis often involves simple precipitation reactions having alkali metals and halide ions as counter ions for the carbonate and calcium ions, respectively. These counter ions are often considered inactive spectator ions, but they have been shown to act as additives as seen in hydroxyapatite formation using amorphous calcium phosphate, where both crystallite size and growth rate are effected by the choice of the salt used as a phosphate source. 4 In the case of calcium carbonate, the co-incorporation of alkali ions, when formed at low super saturation, is well known and has been suggested as a paleoceanographic proxy for estimating the salinity levels in ancient oceans. [5] [6] [7] This effect is described in detail by Okumura et al. 7 by precipitating calcite under near equilibrium conditions over several weeks. The authors showed that the amount of M + (M = Li, Na, K or Rb) incorporated into calcite increased with increased initial concentration and smaller ion size, and was affected by the presence of other divalent ions like Mg 2+ . While these effects at equilibrium are well described, the effects of alkali metal ions on the formation of the amorphous phases under fast kinetics conditions, to the best of our knowledge, have never been considered. In this study we have examined the co-incorporation of alkali counter ions into the metastable ACC phase using M 2 CO 3 (M = Li + , Na + , K + and Rb + ) as a carbonate source. We found that the larger ions exhibit increased incorporation into ACC. Kinetic effects were examined during the thermal induced crystallization of ACC using TGA/DSC and during crystallization in solution with time resolved PXRD. 8 We could show that the crystallization temperature (T c ) can be shifted by as much as 200 1C, depending on the M/(M + Ca) ratio. No kinetic effects were observed in solution related to the ACC phase but the formation rate of calcite was faster with increasing size of the counter ion.
Materials and methods

Materials synthesis
ACC was synthesized as in our previous work, 9 by rapid mixing of 
ICP-OES
The Ca 2+ , Li + , Na + , K + , and Rb + content was determined by ICP using a PerkinElmer optima 8000 ICP-OES spectrometer (PerkinElmer, Waltham, MA, US). Final results were averaged using 3 measurements.
TGA-DSC
Thermogravimetric analysis was performed on a TGA/DSC (SENSYS evo TGA-DSC, SETARAM instrumentation, Caluire, France). Samples were placed in a corundum crucible and heated from 25-500 1C at 2 1C min À1 . The crystallization temperature (T c ) was determined using the peak maximum of the first exothermic peak in the DSC signal using the inbuilt peak fitting routine in the Setaram software.
PXRD and Rietveld refinement
Synchrotron X-ray diffraction experiments were carried out at the m-Spot beamline (BESSY II, Helmholtz-Zentrum Berlin) using a multilayer monochromator and a wavelength of 0.826 Å. Two-dimensional (2D) scattering patterns were collected using a MarMosaic CCD detector (Rayonix L.L.C., Evanston, IL, USA). Radial integration of the 2D scattering patterns was performed using software Fit2D. 10 The reactions were carried out in a modified setup base in the stopped-flow setup of Ibsen et al. The setup was modified to have a continuous flow to avoid potential diffraction spots from large single crystals resting in the beam. 11 Diffractograms were measured every 10 seconds (5 second exposure + 5 second detector read out) and Rietveld refinement was carried out in GSAS 12 using Multiref. 13 The structural models of vaterite 14 and calcite 15 were used to calculate the Bragg peaks. Scale factor and unit cell parameters were refined for every time point for both phases and for vaterite an anisotropic peak broadening assigned to crystallite size effects was refined as well. The background was modelled using a Chebyshev polynomial.
Results
ACC samples were synthesised using Li-, Na-, K-and Rb-carbonate as a carbonate source with an initial concentration ranging from 5 mM to 150 mM with a Ca 2+ /CO 3 2À ratio of 1/1. A total of 32 samples were synthesized and the amorphous nature of the samples was confirmed using PXRD data (Fig. S1 , ESI †). At 5 mM, using Rb and K-carbonate, calcite/vaterite mixtures were obtained and amorphous samples could not be isolated under these conditions. The remaining 30 samples were all amorphous.
To determine the co-incorporation of the counter ions, inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used and from this the M + /(M + + Ca 2+ ) ratio (M + = Li + , Na + , K + and Rb + ) was determined (Fig. 1) . For all the samples, the reaction was made well below the solubility limit for M 2 CO 3 , except for Li 2 CO 3 , which has a solubility limit close to 150 mM (Table S1, Considering that ions with higher M 2 CO 3 salt solubility (Table  S1 , ESI †) incorporate less into ACC, the observed opposite trend suggests that kinetics effects play a major role in alkali ion incorporation during precipitation.
To understand the effect that these ions have on the stability of the synthesised ACC, the samples were thermally crystallized during TGA-DSC measurements ( Fig. 2 and Fig. S2 , ESI †). In a typical run, two peaks in the DSC signal can be observed. One endothermic peak at 100 1C, a characteristic of water loss and the second, an exothermic peak at 150-350 1C, a characteristic of ACC crystallization. 1 The temperature at which this second peak occurs defines the crystallization temperature (T c ), which varied significantly with the M + /(M + + Ca 2+ ) ratio. In the Li and Na co-incorporated samples we observed a two stage increase in T c , an initial increase from B150 1C to B200 1C followed by a plateau starting at 1 mol%. This initial increase can be explained by the particle size effect as described by Zou et al.
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as it coincides with a decrease in particle size between the samples made at an initial concentration of 5-20 mM (Fig. S3 , ESI †). The second increase appears at M/(M + Ca) above 2 mol% and 2.5 mol% for Li and Na containing samples respectively and cannot be related to particle size, as the latter is constant for samples produced at that concentration. This suggests that Li and Na ions have no effect on ACC stability if incorporated in a low amount (below 2 mol%). However, over 2-2.5 mol%, they clearly affect the thermal stability of ACC, as T c increases gradually with an increasing amount of Li and Na. In the K and Rb containing samples, no plateau is observed suggesting that, already at small ion contents, their stabilising effects will dominate over particle size effects.
To examine the crystallization process in solution, time resolved in solution PXRD was used (Fig. 3A) . 8, 11 As this involves measuring a solid phase in a liquid, to have enough signal to overcome the large diffuse scattering of the solution (Fig. S4 , ESI †), a relatively high concentration of the solid is required. This could be achieved only at a large starting salt concentration of 1 M. Because of this, Li 2 CO 3 could not be included as a carbonate source, due to its low solubility. By examining the background intensity and peak heights over time, a clear sequence of the reaction could be determined. An initial decrease in the diffuse scattering (Fig. S5A, ESI †) suggests the initial formation of ACC, even before the first measurement was taken, followed by a concurrent dissolution of ACC and an increase in the calcite and vaterite peaks ( Fig. 3 and Fig. S5B , ESI †), with vaterite being the dominant phase as expected. 16 No difference was observed in the life time of ACC or in the growth rate of the vaterite phase while using different carbonate sources (Fig. S5, ESI †) . Also, the nucleation time does not differ significantly compared to experiments performed at low concentrations. 1 This suggests that the co-incorporated ions do not influence the stability of ACC in solution. Probably, this is because the crystallization occurs via a dissolutionreprecipitation mechanism 17 and the alkali ions dissolve in the process. However, there was a large difference in the calcite growth rate when using different carbonate sources (Fig. 3B) , with calcite forming in the presence of Rb showing the fastest growth rate and that in the presence of Na showing the slowest growth rate. Overall, these data indicate that the incorporation of alkali ions may slow down the growth of the calcite crystals but not that of the vaterite crystals. Examination of the unit cell volume for calcite and vaterite ( Fig. 3C and Fig. S5D , E, ESI †) showed a small but consistent drop in unit cell volume with increasing ion size of the alkali metal ion. As a smaller unit cell volume would indicate either smaller ion size or lower concentration of the foreign ion, this suggests that the co-incorporation in the crystalline phase is the highest for Na and lowest for Rb, consistent with the results of Okumura et al. 
Conclusion
By precipitating ACC in the presence of various alkali metal ions, we observed that large monovalent cations incorporate more than smaller ones into the initial amorphous phase. This trend is opposite to that observed in the crystalline phase, indicating that the co-incorporation is largely affected by the kinetics conditions of the precipitation reaction. The co-incorporated ions were further shown to have a strong stabilizing effect during thermally induced crystallization, as they could increase T c by as much as 200 1C. When crystalizing in solution no stabilizing effect was observed on the transformation of ACC to vaterite, but the growth rate of calcite from vaterite did decrease with decreasing size of the counter ions. The findings of this work highlight the role of the alkali metal ions during ACC precipitation and transformation, can help guide biomimetic material synthesis and bear important implications for understanding biomineralization strategies.
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This article was originally published with incorrect page numbers. This is the corrected, final version. The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers. Fig. 2 (A) Typical DSC measurements of ACC made using K 2 CO 3 at various concentrations showing two peaks, an endothermic peak obtained at 100 1C from water evaporation and an exothermic peak obtained by crystallization resulting in calcite.
1 (B) The crystallization temperature for samples made using Li-(black), Na-(red), K-(green) and Rb-(blue) carbonate. 
